Modifying lignin composition and structure is a key strategy to increase plant cell wall digestibility for biofuel production. Disruption of the genes encoding both cinnamyl alcohol dehydrogenases (CADs), including CADC and CADD, in Arabidopsis thaliana results in the atypical incorporation of hydroxycinnamaldehydes into lignin. Another strategy to change lignin composition is downregulation or overexpression of ferulate 5-hydroxylase (F5H), which results in lignins enriched in guaiacyl or syringyl units, respectively. Here, we combined these approaches to generate plants enriched in coniferaldehyde-derived lignin units or lignins derived primarily from sinapaldehyde. The cadc cadd and ferulic acid hydroxylase1 (fah1) cadc cadd plants are similar in growth to wild-type plants even though their lignin compositions are drastically altered. In contrast, disruption of CAD in the F5H-overexpressing background results in dwarfism. The dwarfed phenotype observed in these plants does not appear to be related to collapsed xylem, a hallmark of many other lignin-deficient dwarf mutants. cadc cadd, fah1 cadc cadd, and cadd F5H-overexpressing plants have increased enzyme-catalyzed cell wall digestibility. Given that these CAD-deficient plants have similar total lignin contents and only differ in the amounts of hydroxycinnamaldehyde monomer incorporation, these results suggest that hydroxycinnamaldehyde content is a more important determinant of digestibility than lignin content.
INTRODUCTION
Lignin is a complex polymer present in the secondary cell wall of all tracheophytes (Bonawitz and Chapple, 2010; Vanholme et al., 2010a) . In angiosperms, these polymers are primarily composed of guaiacyl (G) and syringyl (S) subunits with minor amounts of p-hydroxyphenyl (H) subunits, derived from the hydroxycinnamyl alcohol monomers (or monolignols) coniferyl, sinapyl, and p-coumaryl alcohols (Vanholme et al., 2012) . The hydroxycinnamaldehydes and hydroxycinnamic acids corresponding to some of these alcohols are also incorporated into lignin in smaller amounts (Baucher et al., 1996; Sibout et al., 2005; Ralph et al., 2008a) . In addition to the predominant monolignols, other naturally occurring monomers, such as caffeyl alcohol, the flavonoid tricin, hydroxybenzaldehydes, dihydrohydroxycinnamyl alcohols, and the variously acylated (by acetate, p-coumarate, p-hydroxybenzoate, and ferulate) monolignols, are incorporated into the polymer to varying degrees in certain species and in specific tissues (Boerjan et al., 2003; Del Río et al., 2007; Lu and Ralph, 2008; Chen et al., 2012; del Río et al., 2012; Rencoret et al., 2013; Wilkerson et al., 2014; Lu et al., 2015) .
Lignin polymers interact with wall polysaccharides, adding to the structural integrity of the cell wall, and are responsible for rendering certain cell types impermeable to water (Boerjan et al., 2003) ; however, the interactions between lignin and cell wall polysaccharides and the enzymes that hydrolyze them greatly impede the conversion of these polymers for industrial and agricultural purposes (Pauly and Keegstra, 2010; Somerville et al., 2010; Carpita, 2012; Jung et al., 2012; Kim et al., 2015; Ko et al., 2015) . To overcome this challenge, many strategies to reduce lignin content or alter lignin composition and structure have been implemented with the overall goal of increasing cell wall degradability (Vanholme et al., 2008; Van Acker et al., 2013) .
Most of the enzymes that play a role in lignin biosynthesis have been identified and are well characterized (Fraser and Chapple, 2011) . Disruptions of several lignin biosynthetic genes result in plants that accumulate atypical lignin polymers that are either not present or are not abundant in wild-type plants. For example, downregulation of p-coumaroylshikimate 3ʹ-hydroxylase or hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase results in plants with elevated levels of H lignin (Hoffmann et al., 2004; Reddy et al., 2005; Besseau et al., 2007; Shadle et al., 2007; Coleman et al., 2008; Li et al., 2010a; Bonawitz et al., 2014) . Downregulation of ferulate 5-hydroxylase (F5H) reduces or eliminates S subunits (Chapple et al., 1992; Reddy et al., 2005) ; conversely, its overexpression results in plants with a greatly elevated %S levels (Meyer et al., 1998; Franke et al., 2000; Huntley et al., 2003; Stewart et al., 2009) . Reduction in caffeic acid-O-methyltransferase activity leads to the incorporation of 5-hydroxyconiferyl alcohol into lignin polymers, even though it is not detectable in the wild-type polymer (Ralph et al., 2001b; Vanholme et al., 2010b; Weng et al., 2010) . These manipulations have not only demonstrated the plasticity of lignin biosynthesis but have also led to the development of plants with superior cell wall digestibility characteristics Li et al., 2008; Vanholme et al., 2012; Van Acker et al., 2014) . Downregulation of (hydroxy)cinnamyl alcohol dehydrogenase (CAD) genes is another promising strategy to increase cell wall digestibility (Halpin et al., 1994; Vailhé et al., 1998; Baucher et al., 1999; Chen et al., 2003; Jouanin et al., 2004; Saathoff et al., 2011) . CAD is required for the reduction of hydroxycinnamaldehydes to hydroxycinnamyl alcohols, and downregulation of CAD genes generates unusual lignin polymers partially derived from hydroxycinnamaldehyde subunits (Kim et al., 2003; Kim et al., 2004) . In Arabidopsis thaliana, two CADs (CADC and CADD) are those primarily involved in lignin monomer synthesis and, as in other systems, cadc cadd plants deposit aldehyde-enriched lignins (Sibout et al., 2005) , although the structural details of the modified lignins remain elusive. The characterization of CADdeficient plants has been conducted not only in model plants like Arabidopsis, but also in agriculturally relevant plants including poplar (Populus sp), alfalfa (Medicago sativa), tobacco (Nicotiana tabacum), maize (Zea mays), sorghum (Sorghum bicolor), rice (Oryza sativa), switchgrass (Panicum virgatum), and tall fescue (Festuca arundinacea). In addition to the increase in cell wall digestibility, CAD-deficient mutants and transgenics display redpigmented stems and, in the case of Arabidopsis, a limp floral stem (Pillonel et al., 1991; Baucher et al., 1996; Sibout et al., 2005; Zhang et al., 2006) . Although the disruption of CAD activity results in a major shift in lignin composition, this modification has a minimal effect on the overall plant yield under most environmental conditions (Kaur et al., 2012; Zhao et al., 2013) . Although unaltered growth appears to be the general case for CAD-deficient plants, other manipulations of lignin biosynthesis have resulted in dwarfed and, in some severe cases, infertile plants (Franke et al., 2002; Mir Derikvand et al., 2008; Schilmiller et al., 2009; Huang et al., 2010; Li et al., 2010a) .
Here, we used a combinatorial approach to generate plants containing two unusual lignin polymers enriched in aldehydes by disrupting two Arabidopsis CAD genes, CADC and CADD, in G/Smodified lignin backgrounds. NMR resolved the major shifts in the lignin composition and structures in the series of cad mutants. These data further support the observation that CADC and CADD are partially functionally redundant; however, these data also suggest that either CADD has an important role in catalyzing the reduction of sinapaldehyde or is the major form of CAD expressed in cells that deposit S lignin. In addition, these aldehyde lignin subunit compositional manipulations lead to increased enzymatic cell wall digestibility even though total lignin content was conserved. Taken together, these results show that lignin compositional changes can increase cell wall digestibility compared with manipulating lignin content alone and bolster the contention that viable plants can result from lignins derived from essentially no traditional monolignols.
RESULTS

Stacking Lignin Modification Strategies Generates Plants with Unexpected Dwarf Growth Phenotypes
The biosynthesis of lignin, one of the main end-products of the phenylpropanoid pathway, is metabolically plastic and depends heavily on subunit availability to determine composition (Chapple et al., 1992; Meyer et al., 1998; Sederoff et al., 1999; Boerjan et al., 2003; Vanholme et al., 2008 Vanholme et al., , 2012 Ralph et al., 2004 Ralph et al., , 2008b Ralph, 2010; Anderson and Chapple, 2014; Wilkerson et al., 2014; Bonawitz et al., 2014) . To generate plants enriched in units derived from either coniferaldehyde (Gʹ) or sinapaldehyde (Sʹ), we crossed the previously studied Arabidopsis cadc and cadd mutations (Sibout et al., 2003 (Sibout et al., , 2005 into the F5H-deficient (high G) ferulic acid hydroxylase1 (fah1) mutant and a transgenic line in which the F5H gene is overexpressed under the control of the cinnamate 4-hydroxylase (C4H) promoter (high S) (C4H-F5H), respectively ( Figure 1) .
The fah1, cadc, and cadd single mutants as well as the C4H-F5H line display wild-type growth (Figures 2 and 3) . Similarly, cadc cadd, fah1 cadc cadd, and cadc C4H-F5H plants obtain a wildtype height even though they display the limp floral stem phenotype previously reported for cadc cadd (Sibout et al., 2005) . Surprisingly, cadd C4H-F5H is dwarfed, with a significant reduction in both rosette size and stem length. The most drastic change in morphology is observed in cadc cadd C4H-F5H, which bolts but is severely dwarfed and is infertile.
Dwarfism in plants with disrupted lignin biosynthesis is not uncommon (Hoffmann et al., 2004; Mir Derikvand et al., 2008; Stout et al., 2008; Schilmiller et al., 2009 ), but the mechanisms that lead to dwarfism are still in contention and may be multifaceted in nature (Patten et al., 2005; Laskar et al., 2006; Bonawitz and Chapple, 2013; Bonawitz et al., 2014) . To test if the dwarfism we observed is associated with a deficiency in lignin, we quantified lignin using the acetyl bromide method (Chang et al., 2008) . In our analysis, we found a 30% total lignin decrease in cadc cadd compared with the wild type and plants disrupted in either CADC or CADD alone (Figure 3 ), as has been described previously (Sibout et al., 2003 (Sibout et al., , 2005 , and not surprisingly also in fah1 cadc cadd. A similar reduction in lignin content was unexpectedly observed for cadc C4H-F5H and for the dwarfed cadd C4H-F5H plants (Figure 3) . These results suggest that the dwarfism observed in cadd C4H-F5H plants is not directly or solely the result of reduced lignin content given that they deposit levels of lignin comparable to other CADdisrupted plants that are wild-type in growth.
Hydroxycinnamaldehydes Can Be Incorporated into Lignin Polymers
To determine how disruption of monolignol biosynthesis alters lignin structure, we performed NMR analysis on cell walls from the series of plants described above (Figure 4 ). Gel-state NMR spectra were acquired with samples prepared by directly swelling the whole stem cell wall fractions, after fine milling, in DMSO-d 6 / pyridine-d 5 (4:1, v/v) (Kim and Ralph, 2010; Mansfield et al., 2012a) . Although we were able to generate the cadc cadd C4H-F5H line, we were not able to obtain sufficient material to conduct the NMR analysis as it displays such a severe dwarf phenotype (Figure 2) .
Changes in lignin monomer composition are most readily visualized from the aromatic regions of the two-dimensional 1 H-13 C correlation (heteronuclear single quantum coherence [HSQC] ) spectra (Figure 4 ). The spectra of the wild type displayed signals from G-rich G/S-type lignins derived from polymerization of both coniferyl and sinapyl alcohols, as is typical for most angiosperm lignins. The lignin alterations seen in the fah1 and C4H-F5H lines are consistent with the outcomes of the gene manipulations described in the earlier studies (Chapple et al., 1992; Meyer et al., 1998) , with the former showing G lignins derived exclusively from polymerization of coniferyl alcohol and the latter S lignins from The highlighted gray region outlines the strategy for lignin-incorporated coniferaldehyde enrichment that is achieved by blocking at F5H and CAD. The strategy for lignin-incorporated sinapaldehyde enrichment expands on the coniferaldehyde enrichment strategy (gray, and the additional area outlined in green) and includes the combination of F5H overexpression and CAD disruption.
Aldehyde-Enriched Lignins 3 of 15 sinapyl alcohol. The natural presence of the aldehyde units (G' and S') in wild-type and fah1 plants was minimal and typical; G' 2 and S' 2/6 signals are overestimates of hydroxycinnamaldehyde incorporation as they also occur due to the presence of benzaldehyde units and oxidized b-aryl ether units with a-carbonyl carbons, some of which, particularly the syringyl units S', are produced during ball-milling (Kim and Ralph, 2010; Zhao et al., 2013) . On the other hand, as expected, levels of aldehyde-derived units are significantly elevated in the CAD mutants when both CADC and CADD genes are downregulated. Our NMR data clearly show that the lignins produced in the cadc cadd line are striking G'/S' lignins derived exclusively from polymerization of coniferaldehyde and sinapaldehyde. In addition, the fah1 cadc cadd triple mutant produced G' lignins solely from coniferaldehyde. The typical alcohol-derived lignin units (G and S) are below the level of detection in these CAD-deficient mutants. Loss of function in either only CADC or CADD did not eliminate lignin units derived from coniferyl and/or sinapyl alcohols. The CADC mutation hardly affects the monomer composition of the lignins, which is consistent with the previous observation in these Arabidopsis mutants (Sibout et al., 2005) . Also consistent with previous observations, our NMR data showed that disruption of CADD could only modestly elevate S' lignin unit levels in the cell walls (Sibout et al., 2003) . Strikingly, cadd C4H-F5H produced considerably S'-rich S/S' lignins, mainly derived from polymerization of sinapaldehyde (;70% based on the HSQC signal intensities). As noted above, and regrettably, we were unable to conduct the NMR analysis on the cadc cadd C4H-F5H line that displays a severe dwarf phenotype ( Figure 2) ; we anticipated that the lignin in this line would be entirely sinapaldehyde-derived. The aldehyde regions of the HSQC spectra ( Figure 4 ) determine the nature of the various aldehyde units in the polymers, whereas aliphatic regions (Supplemental Figure 1) show the distributions of the intermonomeric linkages in the lignins. Consistent with the above aromatic compositional data, the characteristic and aldehyde-derived 8-O-4-units (I9 G and I9 S ) that are diagnostic for 
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The Plant Cell the (cross-)coupling of hydroxycinnamaldehydes onto a growing lignin chain (Kim et al., 2000 (Kim et al., , 2003 Zhao et al., 2013) are clearly seen in the mutant lines producing aldehyde-rich lignins (cadc cadd, fah1 cadc cadd, and cadd C4H-F5H), whereas these aldehyde signals, except for the naturally occurring cinnamaldehyde (X2) and benzaldehyde (X3) end-units, are not detectable in the spectra from the wild type and other mutant lines producing typical alcohol-derived lignins (fah1, cadc, cadd, and cadc C4H-F5H) (Figure 4 ). In addition, typical lignin units, such as b-aryl ethers (I G and I S ), phenylcoumarans (II), resinols (III), and cinnamyl alcohol end-groups (X1), are practically absent or significantly depleted in the mutant lines (cadc cadd, fah1 cadc cadd, and cadd C4H-F5H) producing lignins mainly from hydroxycinnamaldehydes, in comparison to the wild type and other mutant lines (fah1, cadc, cadd, and cadc C4H-F5H) producing normal lignins from p-hydroxycinnamyl alcohols (Supplemental Figure 1) . We also analyzed cell wall polysaccharide unit profiles by HSQC NMR (Kim and Ralph, 2010; Kim and Ralph, 2014) . The signal distribution patterns in sugar anomeric regions appear similar among the wild type and all of the mutants analyzed here (Supplemental Figure 2 ), suggesting that alteration of lignin biosynthesis in these plants does not dramatically affect the composition of cell wall polysaccharides.
Major Soluble and Wall-Bound Metabolites Are Only Modestly Affected by CAD Disruption
In addition to lignin, the phenylpropanoid pathway is required for the synthesis of cell wall-bound hydroxycinnamic acids and soluble hydroxycinnamate esters (HCEs). To assess how the pathway manipulations described above affect these metabolites, we analyzed leaf HCE content ( Figure 5 ) and the phenolics released after alkaline hydrolysis of inflorescence cell wall tissue ( Figure 5 ). In these experiments, we observed a modest yet significant increase in total HCEs (measured primarily as sinapoylmalate) in cadc cadd, fah1 cadc cadd, cadc C4H-F5H, cadd C4H-F5H, and cadc cadd C4H-F5H ( Figure 5 ). These data suggest that, in HCE-producing cells, reduced CAD activity permits enhanced conversion of coniferaldehyde and sinapaldehyde, presumably by the hydroxycinnamaldehyde dehydrogenase encoded by REDUCED EPIDERMAL FLUORESCENCE1 (REF1), to ferulic acid and sinapic acid, respectively, which are subsequently available for enhanced HCE synthesis. Unlike the relatively minor changes in soluble leaf metabolite biosynthesis, in all CAD-disrupted lines, dramatic changes are observed in phenolic compounds released from inflorescence tissue by alkaline hydrolysis ( Figure 5) . We observed about a 10-fold increase in cell wall-bound ferulic acid in cadc cadd and fah1 cadc cadd compared with the wild type and fah1, respectively, but no increase in p-coumaric acid. In addition, we observed a 30-fold increase in vanillin release from both cadc cadd and fah1 cadc cadd, which is most likely the result of degradation of aldehyderich lignins during the saponification treatment. Another likely lignin degradation product, syringaldehyde, increased 6-fold in cadc C4H-F5H samples and 60-fold in cadd C4H-F5H hydrolysates compared with C4H-F5H. These data indicate that, as in leaves, reductions in CAD activity results in redirection of carbon flux toward hydroxycinnamic acid biosynthesis and enhanced esterification of these metabolites by cell wall components.
CAD-Manipulated Plants Have Typical, Noncollapsed Vasculature Despite Having Altered Cell Wall Composition and Structure
To assess the effects lignin compositional changes have on vascular anatomy, we first conducted several histochemical analyses on sectioned inflorescence tissue ( Figure 6 ). Previous characterization of CAD-deficient plants revealed a reddishorange coloration in the lignifying cells (Ralph et al., 1997; Sibout et al., 2005; Sirisha et al., 2012) . For wild-type and fah1 plants, disruption of both CADC and CADD were required to observe this phenotype; however, lignified cells in cadc C4H-F5H are pigmented, and this coloration is even more intense in cadd C4H-F5H. These results indicate that disruption of only one CAD is required to generate this phenotype in a high S-lignin background, consistent with the NMR results that indicated enhanced aldehyde content in cadd C4H-F5H. Phloroglucinol-HCl is known to interact with coniferaldehyde and sinapaldehyde end-groups and is frequently used to stain lignifying cell walls (Black et al., 1953; Pomar et al., 2002) . All lines stained positively for phloroglucinol-HCl; however, the staining of cadc cadd and fah1 cadc cadd is a deeper red than that observed in other plants, which correlates with the increased aldehyde content in the lignin in these plants. In addition, plants overexpressing F5H exhibit phloroglucinol staining primarily in the xylem with less staining in the interfascicular fibers, a pattern that has been observed previously (Franke et al., 2000; Weng et al., 2010) . It is tempting to overinterpret the reduction in fiber staining to suggest that the observed increased aldehyde content (Figure 4 ) is restricted to the xylem and that lignin in the cell walls of fibers is not decorated with aldehyde end-units in plants overexpressing F5H. However, as has been shown previously, the staining cannot be used as a reliable indicator of hydroxycinnamaldehyde incorporation as the fully incorporated units, i.e., those units incorporated into the chain of the polymer as opposed to the (terminal) end-groups, are not colored and do not stain (Kim et al., 2002) . We also conducted Mäule staining, which stains cell walls high in S lignin red and walls high in G lignin tan. Staining of the wild type, fah1, and C4H-F5H gave results consistent with these expectations as has been observed previously (Weng et al., 2010) . In contrast, the cell walls of plants with the highest aldehyde content, cadc cadd, fah1 cadc cadd, and cadd C4H-F5H, stained black, which is similar to what has been reported previously for CAD-disrupted mutants (Jourdes et al., 2007) . This difference in staining obviously reflects the structural differences in the lignins between these lines, but as the molecular Expanded aromatic (A) and aldehyde (B) subregions of HSQC NMR spectra of ball-milled whole cell walls from Arabidopsis manipulated lines.
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The Plant Cell mechanism behind this stain is poorly understood, any further interpretation would be only speculative. The structure of the vascular tissue of these plants was next examined by confocal laser scanning microscopy ( Figure 7) . Vascular bundles in the fah1 and C4H-F5H transgenics appear largely similar to those of the wild type. The xylem tissue from the CAD-disrupted plants display fewer tracheary elements compared with the wild type and the fah1 and C4H-F5H lines. This phenotype was most evident in the cadd C4H-F5H tissue, in which the semicontinuous secondary cell walls typical of metaxylem cells are virtually absent from the vascular bundles. Instead, the xylem tissues of the cadd C4H-F5H samples display secondary cell wall thickenings typical of the sparse helical morphology found in protoxylem. This pattern of sparse and incomplete secondary cell walls is markedly different from the collapsed and occluded vasculature recently reported in the lignin-modified dwarf reduced epidermal fluorescence8 mutant (Bonawitz et al., 2014; , but is likely still an impediment to effective transport of water and nutrients throughout the plant. A less continuous lignified secondary wall is likely to allow more lateral water transport at the expense of efficient axial transport. The effects of CAD disruption on cell wall ultrastructure were investigated by transmission electron microscopy of fiber cells adjacent to the xylem tissue (Figure 8 ). Compared with cell walls of wild-type, fah1, and C4H-F5H plants, the secondary cell walls of the cadc cadd, fah1 cadc cadd, and cadd C4H-F5H variants appear loose, less dense, and disorganized. In the extreme case of the cadd C4H-F5H plant, secondary cell walls are barely identifiable as coherent organelles and instead appear as loose assemblies of cellulose microfibrils. Such a deficiency in properly formed secondary cell walls will weaken the mechanical properties of the vascular tissue and provide little structural support to the plant, which may contribute to the dwarfism of the cadd C4H-F5H variant and the limp floral stem phenotype of cadc cadd mutants.
Aldehyde Enrichment in Lignin Increases Cell Wall Digestibility
To assess how changes in cell wall composition affect cell wall digestibility, we analyzed enzymatic cellulose conversion on untreated samples. Previous studies in Arabidopsis showed that modifications of cell wall composition can have a dramatic effect on cellulose conversion (Li et al., 2010b; Weng et al., 2010; Bonawitz et al., 2014) . We observed for the wild type, fah1, and C4H-F5H that there was no significant difference in cellulose conversion, with ;50% conversion of available cellulose to glucose after a 48-h incubation. In contrast, we found that cadc cadd and fah1 cadc cadd yielded almost twice as much glucose under the same conditions ( Figure 9 ). This increase was observed to a lesser extent for cadd C4H-F5H and not observed (or diminished) for cadc C4H-F5H. The increased aldehyde lignin content in cadc cadd and fah1 cadc cadd is most likely responsible for the increase in enzymatic cellulose conversion compared with cadc C4H-F5H and cadd C4H-F5H, which have lower aldehyde contents.
DISCUSSION
Lignin content and composition are two factors that contribute to the recalcitrance of the cell wall (Vanholme et al., 2012) . Genetic and transgenic approaches to manipulate these parameters have resulted in varying degrees of success with regard to improving cell wall digestibility Van Acker et al., 2013) . On the one hand, several plants with disruptions in lignin content exhibit an increase in cell wall digestibility, although the reduced lignin has been correlated with decreased yield (Bonawitz and Chapple, 2013) . On the other hand, plants with perturbations that affect lignin composition show improvements in cell wall degradability; however, this increase is sometimes only detectable after pretreatment (Li et al., 2010b; Ciesielski et al., 2014) . Lignin composition is plastic and several genetic manipulations have generated plants with nearly homogeneous lignin subunit profiles or lignins derived from noncanonical monomers. These include the alteration of syringyl monomer content by manipulation of F5H expression and the perturbation of alcohol and aldehyde subunit content through the disruption of CAD (Meyer et al., 1998; Sibout et al., 2005) . We stacked these two manipulation strategies to generate two unusual lignin compositions in anticipation that this approach might deliver unique lignins and provide insights into the impact of lignin content and composition on plant growth and approaches to overcome cell wall recalcitrance to enzyme hydrolysis.
CADD Has the Predominant Role in Catalyzing the Reduction of Sinapaldehyde
It has been established that both CADC and CADD need to be disrupted in a wild-type background to increase aldehyde lignin 
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The Plant Cell subunits ( Figure 4 ; Sibout et al., 2005; Jourdes et al., 2007) . Here, we show that both CADC and CADD also need to be disrupted in a fah1 background to synthesize a lignin polymer composed almost exclusively from coniferaldehyde. These results indicate that, in this genetic background, CADC and CADD function redundantly in the conversion of hydroxycinnamaldehydes to hydroxycinnamyl alcohols in lignin biosynthesis. The production of monolignols in many species including Arabidopsis involves the activity of several CAD isoenzymes (Feuillet et al., 1995; Barakat et al., 2009; Saballos et al., 2009 ). In Arabidopsis, CADC and CADD are thought to be the result of a recent gene duplication event (Guo et al., 2010) . Although they both have similar catalytic efficiencies toward most hydroxycinnamaldehydes , there has been some dispute over whether or not angiosperms have evolved CADs that specifically utilize sinapaldehyde and whether this neofunctionalization explains the occurrence of S lignin biosynthesis in flowering plants (Li et al., 2001; Peter and Neale, 2004; Bomati and Noel, 2005; Chiang, 2006; Barakate et al., 2011) . Although Li et al. (2001) identified a CAD homolog, which they termed sinapyl alcohol dehydrogenase (SAD), from Populus tremuloides that has a high catalytic efficiency toward sinapaldehyde and found that this enzyme is missing in gymnosperms, which are deficient in S lignin, Barakate et al. (2011) thoroughly demonstrated that S lignin is dependent on CAD activity and not SAD. Even though our data clearly show a differential contribution of the two CAD isoforms to S lignin biosynthesis in Arabidopsis, neither CADC nor CADD can be considered an ortholog of the SAD protein discussed by Li et al. (2001) . Surprisingly, we found that disruption of CADD alone in the high-S background leads to sinapaldehyde incorporation into lignin (Figure 4) , a phenotype not observed in CADC mutants in the same background. This observation indicates that CADD has a predominant role in catalyzing the reduction of sinapaldehyde, which is consistent with the in vitro evidence that shows that CADD has a higher catalytic efficiency toward sinapaldehyde compared with CADC and with the finding that only CADD mutants display a modest increase in Sʹ lignin (Figure 4 ; Sibout et al., 2003) . This final observation may also indicate that CADD is more highly expressed than CADC in interfascicular Error bars represent the SD of biological triplicates. Asterisks indicate the significant difference between the plants with modified cellulose conversion compared with the wild type (*P < 0.05).
Aldehyde-Enriched Ligninsfibers, in which S lignin is most abundantly deposited in wild-type stems, although previous promoter-reporter gene fusion data do not strongly support this hypothesis (Sibout et al., 2003) .
Previous radiolabeled substrate feeding studies and the in vitro characterization of F5H and caffeic acid-O-methyltransferase suggested that sinapyl alcohol can be synthesized by hydroxylation and subsequent O-methylation of coniferyl alcohol, a pathway that obviates the requirement for SAD activity (Chen et al., 1999; Humphreys et al., 1999; Tsuji et al., 2004) . If this metabolic route permits plants to bypass the reduction of sinapaldehyde completely, then it should not be possible to generate plants that accumulate Sʹ lignin in the relative absence of Gʹ lignin by disrupting CAD. The accumulation of Sʹ lignin in C4H-F5H, cadd, cadc cadd, cadc C4H-F5H, and cadd C4H-F5H suggests, at least for Arabidopsis, that some phenylpropanoid flux proceeds through sinapaldehyde in S lignin biosynthesis. However, we cannot differentiate whether or not the residual S lignin in cadd C4H-F5H is derived directly from the partial redundancy of CADC or indirectly derived from bypassed flux coming from the hydroxylation and O-methylation of coniferyl alcohol.
Hydroxycinnamaldehyde Monomers Can Serve as Lignin Precursors
Coniferaldehyde and sinapaldehyde incorporation into lignin resulting in lignin end-groups (on the starting end of a chain) has been well established and is the basis for phloroglucinol-HCl staining (Black et al., 1953; Pomar et al., 2002) . In fah1 cadc cadd, coniferaldehyde not only acts as an end-group but also as the major internal subunit component of the lignin polymer through 8-O-4-linkages (Figure 4 ; Kim et al., 2002 Kim et al., , 2003 Sibout et al., 2005; Jourdes et al., 2007) . Unfortunately, we were only able to document an enrichment of sinapaldehyde levels to ;70% in cadd C4H-F5H, as estimated by NMR, as a copolymer with sinapyl alcohol because we were unable to analyze cadc cadd C4H-F5H plants. We would anticipate that their sinapaldehyde levels would be still higher, perhaps even close to 100%. Although it remains unclear what impact the incorporation of sinapaldehyde units has on the lignin polymer, it may compromise the function of this polymer when the content becomes too high. A similar phenomenon has been observed when lignins greatly enriched in 5-hydroxyconiferyl alcohol monomers were engineered into Arabidopsis (Weng et al., 2010; Vanholme et al., 2010b) . Unlike conventional monolignols and hydroxycinnamaldehydes, which mostly form rotatable b-O-4 and analogous 8-O-4 bonds, lignification via 5-hydroxyconiferyl alcohol forms cyclic benzodioxane units (from b-O-4-coupling of a monolignol with 5-hydroxyguaiacyl phenolic end-units) resulting in a linkage that is rigid (Marita et al., 2001; Ralph et al., 2001a Ralph et al., , 2001b Lu et al., 2010) . Both Weng et al. (2010) and Vanholme et al. (2010b) speculate that the enrichment of this unusual linkage affects the physical properties of the polymer. In moderation, benzodioxane linkages are not problematic; however, when 5-hydroxy units rise to the level of G subunits, dwarfism of the plant is observed. However, that such benzodioxane-only homopolymers can function in certain roles is demonstrated by the recent observation of caffeyl alcohol-only and 5-hydroxyconiferyl alcohol-only lignins in seed coats of some Cactaceae . Although this hypothesis remains untested, lignin polymers derived from sinapaldehyde alone may also have undesirable physical or architectural properties that negatively affect plant growth. From our results, it appears that plants can maintain wild-type growth when Sʹ levels are lower than those of G, S, or Gʹ units; however, severe changes in plant morphology arise when Sʹ units rival the combined levels of the other monomers.
Viable Plants Can Generate Lignins Highly Enriched in Hydroxycinnamaldehyde-Derived Units
To the casual observer, it might appear that the polymers generated in the most extreme cases here resemble the normal phenolic polymer. However, closer inspection shows that, because of the differences in functional groups, reactivity, coupling propensities, and in the altered way in which intermediate quinone methides rearomatize, the lignins are in fact entirely different materials that bear little structural resemblance to the "normal" lignins derived from hydroxycinnamyl alcohols. As noted above, and as most clearly seen in the aromatic regions of the HSQC spectra in Figure 4 , the fah1 cadc cadd mutant is derived from close to 100% coniferaldehyde. As such it has none of the traditional structural units normally present in lignins (Supplemental Figure 1) , although it is still derived from analogous radical coupling reactions. Similarly, the cadc cadd mutant is almost solely (>99%) derived from the two hydroxycinnamaldehydes, coniferaldehyde and sinapaldehyde. These two mutants, both of which form viable and fertile plants, are developmentally relatively normal, a finding that demonstrates that plants can contend with major structural alterations in a crucial and abundant cell wall polymer. These mutants are even more extreme than the recently reported CAD1 mutant of Medicago truncatula, which has only ;5% normal monolignols (Zhao et al., 2013) . Why plants high in sinapaldehyde-derived lignin are developmentally compromised, and whether their dwarfism is even attributable to a poorly functional lignin polymer, remain unclear at this time.
Dwarfism in Lignin Biosynthetic Mutants Is Not the Result of Collapsed Xylem
Previous studies have highlighted the correlation between dwarfism and metabolic blocks in lignin biosynthesis that lead to decreased lignin content (Meyer et al., 1998; Besseau et al., 2007; Mir Derikvand et al., 2008; Li et al., 2010a) ; however, the mechanism by which growth is impeded in these plants remains unknown (Bonawitz and Chapple, 2013) . There are examples of plants with reduced total lignin content that maintain wild-type growth, including the cadc cadd mutant itself (Rohde et al., 2004; Sibout et al., 2005) , but many dwarfed low-lignin plants have a collapsed xylem phenotype that has been suggested to lead to reduced water transport that is the proximal cause of growth inhibition. These include plants defective in, or downregulated for C4H, p-coumaroylshikimate 3ʹ-hydroxylase, hydroxycinnamoylCoA:shikimate hydroxycinnamoyl transferase, and cinnamoylCoA reductase (Franke et al., 2002; Mir Derikvand et al., 2008; Schilmiller et al., 2009; Li et al., 2010a; Vanholme et al., 2010b) . Although cadd C4H-F5H plants are similar in height, or even shorter than many of these low-lignin plants, we observed no evidence of collapsed xylem, suggesting that dwarfing arises via some other mechanism(s) in these plants and is even further exacerbated in cadc cadd C4H-F5H plants. These mechanisms could include deficiencies in the production of dehydrodiconiferyl alcohol glucoside, CAD-dependent compounds suggested to have a role in cell expansion and growth (Binns et al., 1987; Orr and Lynn, 1992; Tamagnone et al., 1998a Tamagnone et al., , 1998b , or changes in transcription related to pathway flux perturbations that were recently shown to be dependent upon the Med5 subunit of the Mediator complex (Bonawitz et al., 2014) .
Increasing Aldehyde Content Correlates with Increased Potential for Enzymatic Hydrolysis of Cellulose
Reduction in lignin content is known to improve sugar release from biomass upon treatment with cocktails of polysaccharide hydrolases (Studer et al., 2011) , and similar beneficial effects have recently been reported to arise from modifications to lignin composition (Li et al., 2010b; Mansfield et al., 2012b; Ciesielski et al., 2014) . We observed that of the four variants examined with low lignin content, cadc cadd and fah1 cadc cadd have the highest enzymatic cellulosic conversion for nonpretreated Arabidopsis inflorescence tissue. This increase in cell wall digestibility in CADdisrupted plants has been observed before (Chen et al., 2003; Fu et al., 2011; Muguerza et al., 2014) . There is some disagreement as to whether this increase in digestibility is the result of modified lignin content or, as our study suggests, modified lignin composition (Baucher et al., 1996; Reddy et al., 2005) . The effect may result from a significant alteration in the intermolecular forces between biopolymers within the cell wall caused by the increased aldehyde content. More specifically, the strong dipoles contributed by the aldehyde groups may disrupt typical hydrogen bonding, electrostatic, and dispersive forces that facilitate integration of the lignin polymer with other cell wall biopolymers, thereby facilitating enhanced penetration of enzymes and increasing accessibility of the carbohydrate components. These data suggest that increased aldehyde content is an important determinant of cell wall digestibility and that synergistic increases in yield can be achieved by combining changes in both lignin content and composition. Based on thioacidolysis experiments following exhaustive methylation , researchers have noted that aldehyde units might be more prone to terminate a chain, resulting in lower molecular mass lignins that would indeed be expected to protect polysaccharides to a lesser degree than larger polymers .
METHODS
Plant Material and Growth Conditions
Arabidopsis thaliana Col-0 plants were grown under a 16-h-light/8-hdark photoperiod at 100 mE m 22 s 21 in Redi-Earth Plug and Seedling Mixture (Sun Gro Horticulture) supplemented with Scotts Osmocote Plus controlled release fertilizer (Hummert International) at 22°C. The cadc and cadd mutants (Sibout et al., 2003 (Sibout et al., , 2005 were crossed to either the fah1 mutant (Chapple et al., 1992) or the transgenic line in which F5H is overexpressed (Meyer et al., 1998) . The putative triple mutants and transgenic double mutants were identified and confirmed by genomic PCR analysis.
Lignin Analysis
Eight-week-old inflorescence tissues stripped of leaves and siliques were pooled, ground in liquid N 2 , washed with 80% ethanol four or five times to remove soluble metabolites, then washed with acetone and dried, as performed by Meyer et al. (1998) . Acetyl bromide analysis was conducted according to Chang et al. (2008) . Briefly, samples were exposed to a 4:1 (v/v) mixture of acetic acid/acetyl bromide and incubated at 70°C for 2 h. Samples were cooled to room temperature and then transferred to 50-mL volumetric flasks containing 2 M NaOH, acetic acid, and 7.5 M hydroxylamine hydrochloride. Acetic acid was used to bring each sample up to volume and then each sample was measured for absorbance at 280 nm. Absorbance values were converted to mass using the extinction coefficient of 23.29 g 21 L cm 21 .
NMR Spectroscopy
Preparation of cell walls samples for NMR was conducted as described previously (Kim and Ralph, 2010; Mansfield et al., 2012a) . In brief, preground dried stems were extracted with 80% aqueous ethanol (sonication 3 3 20 min). Isolated cell wall fractions (;200 mg) were ball-milled (5 3 5 min milling and 5-min cooling cycles) using a Fritsch Planetary Micro Pulverisette 7 ball mill at 600 rpm with ZrO 2 vessels containing ZrO 2 ball bearings. Aliquots of the ball-milled whole cell walls (;60 mg) were transferred into NMR sample tubes and swollen in DMSO-d 6 /pyridine-d 5 (4:1, v/v, 600 mL). NMR spectra were acquired on a Bruker Biospin Avance 700-MHz spectrometer fitted with a cryogenically cooled 5-mm TXI gradient probe with inverse geometry (proton coils closest to the sample). The central DMSO solvent peak was used as an internal reference (d C , 49.5; d H , 3.49 ppm). Adiabatic HSQC experiments (hsqcetgpsisp2.2) were performed using the parameters described previously (Kim and Ralph, 2010; Mansfield et al., 2012a) . Processing used typical matched Gaussian apodization in F2 (LB = 20.5, GB = 0.001) and squared cosine-bell apodization and one level of linear prediction (32 coefficients) in F1. Volume integration of contours in HSQC spectra (processed using no linear prediction) used Bruker's TopSpin 3.1 (Mac) software with no correction factors; i.e., the data represent volume integrals only. For quantification of lignin aromatic distributions, only the carbon/proton-2 correlations from G and G' units and the carbon/proton-2/6 correlations from S and S' units were used, and the G and G' integrals were logically doubled.
Methanol-Soluble Secondary Metabolite Analysis
Hydroxycinnamoylmalate esters from 3-week-old whole rosette leaves were analyzed using methods previously described by Hemm et al. (2003) . Briefly, tissue extracts were prepared at a concentration of 100 mg fresh weight mL 21 50% methanol, extracted for 2 h at 65°C (n = 3). Compounds were quantified using ferulic and sinapic acid as standards and normalized per fresh plant tissue.
Cell Wall-Bound Hydroxycinnamic Acid Analysis
Ground, 8-week-old inflorescence cell wall tissue was saponified using 1 M NaOH and incubated for 24 h at 37°C with constant agitation. The solution was acidified with 1 M HCl and extracted using ethyl acetate. The organic phase was then dried, redissolved in 50% methanol, and analyzed by HPLC. Compounds were quantified using p-coumaric and ferulic acid standards obtained from Sigma-Aldrich.
Histochemical Staining
Eight-week-old inflorescence stems were sectioned using a Leica VT1000 S vibrating blade microtome and left either unstained or stained with phloroglucinol-HCl or Mäule reagent as described (Chapple et al., 1992; Franke et al., 2000) .
Transmission Electron Microscopy
Sections from the inflorescence stem were taken just below the fifth elongating silique of the inflorescence and were high-pressure frozen with a Leica EMPact2 high-pressure freezer in 0.2-mm-deep planchets (Leica Microsystems) using 0.15 M sucrose as a cryoprotectant. Next, freezesubstitution was performed in a Leica AFS2 automated freeze substitution unit in 1% osmium tetroxide (EMS). The samples were dehydrated by treating by solution exchange with increasing concentrations of acetone (15%, 30%, 60%, 90%, and 3 3 100% acetone). The samples were then infiltrated with Eponate 812 (EMS) by incubating at room temperature for several hours to overnight in increasing concentrations of resin (15%, 30%, 60%, 90%, 3 3 100% resin, diluted in acetone). The samples were transferred to capsules and the resin polymerized in an oven at 60°C overnight. Resin-embedded samples were sectioned to ;50 nm with a Diatome diamond knife on a Leica EM UTC ultramicrotome. Sections were collected on 200 mesh copper transmission electron microscopy grids (SPI Supplies) and were poststained for 30 s with 1% aqueous KMnO 4 . Images were taken with a 4-megapixel Gatan UltraScan 1000 camera on an FEI Tecnai G2 20 Twin 200-kV LaB6 transmission electron microscope.
Confocal Microscopy
Samples were preserved and embedded as described above. The embedded samples were sectioned to 250 nm and positioned on glass microscope slides and stained with 0.1% acriflavine. Images were captured in fluorescence mode with a Nikon C1 Plus microscope, equipped with the Nikon C1 confocal system with a 488-nm excitation laser.
Cellulose Conversion
Cellulose conversion was conducted as described by Li et al. (2010b) on 8-week-old hand-ground inflorescence tissue that had been stripped of leaves and siliques. Cellulose conversion was conducted without pretreatment and evaluated colorimetrically using the Megazyme D-Glucose (glucose oxidase/peroxidase) assay kit after 48-h incubation.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL libraries under accession numbers C4H (At2g30490), F5H (At4g36220), CADC (At3g19450), CADD (At4g34239), and REF1 (At3g24503). 
